Nuclear spin interferences in bulk water at room temperature. 
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Abstract 

Nuclear spin interference effects generated in a 
macroscopic sample of 10 ml degassed water are de- 
tected in a simple NMR experiment. A it/2 — t — 
ir/2 RF double pulse sequence (Ramsey sequence) is 
applied to the water sample immersed in a static mag- 
netic field Bq w 4.7 T. For a homogeneity of Bq of 
the order of ABq/Bo — 2 • 10~ 8 , the nuclear spin 
interference term is controlled with a maximum rela- 
tive deviation of 9.7 %. These results are a first step 
to manipulation of nuclear spin coherence of water 
molecules. 

1 Introduction 

Recent developments of quantum computing have 
emphasized the importance of quantum interfer- 
ences for quantum information processing (QIP) pp. 
The best known experimental quantum comput- 
ing demonstration was obtained by bulk Nuclear 
Magnetic Resonance (NMR) of perfluorobutadienyl 
molecule corresponding to seven qubits p]. A similar, 
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more realistic and self-contained experimental NMR 
realization, using tert-butoxycarbonyl-( 13 C2 — 15 N— 2 
D2 -glycine) fluoride molecules, produced a quantum 
computer on five qubits j3j. In NMR QIP, a qubit 
is defined by the resonance frequency of a nuclear 
spin in its local magnetic field i.e. the applied mag- 
netic field Bo corrected by a shield due to the sur- 
rounding electrons. The initial step of QIP is to de- 
fine a pure quantum state which is masked by the 
fact that for bulk NMR the spin system is a sta- 
tistical ensemble and the correct description of the 
system is given by the use of the density matrix for- 
malism. The J coupling between two nuclear spins 
induces coherences of nuclear spin states revealing, 
via interference effects, the quantum nature of the 
system. The first demonstration of spinor character 
for spin \ nucleus via NMR interferometry using the 
J coupling was performed by M. E. Stoll et al. using 
enriched sodium formate (NaCH02) dissolved in 
D2O [4]. In absence of a constant coupling between 
the spin states, spin interferences have been observed 
with a neutron beam interferometer in 1975 [5]. Al- 
ready in 1950, N. F. Ramsey showed that two succes- 
sive ir/2 pulses can induce atomic state interferences, 
the so called Ramsey fringes [6j. Recently it was 
shown that superconducting tunnel junction circuit 
displayed signatures of macroscopic quantum behav- 
ior as Ramsey fringes [7] . Here we will show that such 
interference effects can be detected in bulk water at 
room temperature. 

2 Theoretical background 

The theoretical description of the system considers 
a macroscopic amount of N identical spins I = | 



immersed in a static Bq magnetic field for a long time. 
The Hamiltonian of this system is (h = 1): 



-fi ■ B = 7 • / • B , 



(1) 



where 7 is the gyromagnetic ratio of the spin /. By 
convention, B$ gives the z direction of the coordi- 
nates and the xOy plane is called the transverse plane. 
The magnetic field direction z is the most natural 
quantum axis along which one can define two eigen- 
vectors |— ) and |+) of respective energies: 
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where loq = 7 • Bq is the angular frequency of the 
allowed transition between |— ) and |+). As there is 
a statistical ensemble of TV nuclear spins, one has to 
consider the density matrix of the system. At thermal 
equilibrium, the population of each eigenstate is given 
by the Boltzmann distribution and then the density 
matrix can be written as: 

po = § ((1 - d) l+X+1 + (1 + *0 l-X-l) , 

where one made the approximation e ±"o/2feT ra j-j-^ 
with d = u>o/2kT. The NMR signal originates 
from transverse magnetic moments M x and M y . For 
matter of clarity, one can only consider M x which 
is given by the trace of the p ■ S x matrix (noted 
M x = Tr [p ■ S x ]) where S x = \ (|+)(-| + |-)(+|) 0. 
One can notice that Tr [po ■ S x ] = 0, meaning that 
there is no NMR signal at thermal equilibrium as 
expected [U [10]. The system can be modified by a 
perturbation obtained by a polarized RF wave gener- 
ated by an oscillating current in a resonator at the fre- 
quency u>q/2it. An RF pulse acts on a nuclear spin as 
a rotation of Euler angles (9, /3) in the spin space [8]. 
In the (|— ), |+)) basis, the rotation matrix for spin \ 
is: 



r[9,(3) = cos-e" 
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In term of the density matrix, a (0, f3) rotation 
of po gives a rotated p\ density matrix according 
to: pi = ^[9,(3] ■ po ■ r[0,0\, where r" 1 ^,^] • 
r[9,P] = 1 (unity matrix). We first take (3 = 0. 
After a single pulse 9, M x [9] is given by: M x [9] = 
Tr [rt [6, 0] ■ p ■ r [9, 0] • S x ] = d/2 sin (9. As it is well 
known, one finds that after a single RF pulse the sig- 
nal is maximum for 9 = ir/2 (the RF pulse is called a 
7r/2 pulse) and zero for 9 = it (ir pulse). The issue of 
the experiment described in this article is to produce 
a sequence of two consecutive it/ 2 pulses separated 
by a time r during which the eigenstates follow their 
own free evolution. It is the equivalent for nuclear 
spins in water molecules to the famous N. Ramsey 
experiment for a beam of potassium atoms [6]. The 
sample is first shined by a 7r/2 pulse, which means 
that the initial density matrix po turns to be: 

Pl = r^[iT/2,0}p r[ir/2,0} 

= il+X+l + ll+X-l + ^l-X+l + ^l-X-l- 

During a time r, the density matrix p\ is free to 
evolve in Bq. This free evolution obeys to the equa- 
tion = M 'p\ — p\,ff ', where Jf is given by equa- 
tion ((TJ. One can easily show that after time r, the 
density matrix of the system turns to be: 
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If one then applies a second r[7r/2,/3] rotation to P2, 
the final density matrix pz after this 7r/2— r— 7r/2 se- 
quence is P3 — r jf {ir/2 7 f3]por{ir/2,[3}, where (5 is the 
relative phase of the two n/2 pulse fields. One can 
then calculate M x after this sequence, which gives : 



M x = Tr [p 3 ■ S x } = - sin^oTsin/?. 



(3) 



One can easily see that in absence of free evolution, 
i.e. t — 0, Tr [p 3 ■ S x ] = 0, and there is no sig- 
nal. This is due to the fact that in the r = case, 
the 7r/2 — r — ir/2 sequence corresponds to a single 
7r pulse on the sample which indeed gives no sig- 
nal. In fact, according to equation J3]), providing 
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that P ^ 0, M x only if the nuclear spin state 
interference term sinu^r is different from zero. In a 
7r/2 — t — tt/2 sequence, the existence of any NMR sig- 
nal is then the evidence of the occurrence of nuclear 
spin interferences. 

3 Material and methods 

A sample of 10 ml of degassed water was placed at 
room temperature in a wide-bore magnet with a mag- 
netic field of 4.7 T (Magnex). The NMR spectrome- 
ter (SMIS) allows a phase precision of the RF pulses 
of 0.25 °. The RF pulses had a gaussian shaped 
intensity with a duration d = 600 ^s, a frequency 
u Q /2n = 200, 137 MHz, and half-width of 3000 Hz. 
The inter pulse delay between the ends of the first and 
second pulse was r = 1 ms. The NMR signal was de- 
tected in quadrature mode with a sample frequency 
of 5000 Hz and 8 K points. The intensity of the sig- 
nal is obtained as the modulus of the 2 parts given 
by the quadrature detection mode. The homogeneity 
of the magnetic field was measured by the line width 
obtained by Fourier Transform of the free induction 
decay (FID) acquired after a tt/2 pulse. Tl measured 
by inversion-recovery sequence was 3.2 s and T2 mea- 
sured by a Carr-Purcell-Meiboom-Gill sequence |llj 
was 1.8 s slightly depending on the homogeneity of 
the magnetic field. NMR spectrum of pure water, 
as for all liquid sample with no J coupling, displays 
a very narrow line due to the motion averaging of 
the dipole-dipole coupling. Such a nuclear spin sys- 
tem is highly isolated from its surrounding and it is 
well-known that the relaxation time Tl which char- 
acterizes the energy exchange with the lattice and 
the inverse of the line width which measures the de- 
coherence time are very long in high homogeneous 
magnetic field. 

4 Results 

Experimentally, it was impossible for us to tune r 
at a time scale small enough to vary uqt over 2tt. 
However, it is possible to ensure over typical exper- 
imental time (few minutes) an accurate stability of 



Figure 1: NMR signal (FID) of 10 ml of water after 
one 7r/2 pulse. Continuous line is obtained in a high 
homogeneous magnetic field (ABq/Bq = 2.0 • 10~ 8 ) 
and dashed line in less homogeneous field (ABq/Bq = 
2.7 -10- 7 ). 

ujo t , i-e. the rms magnitude of the fluctuating part of 
this angle luqt remains much smaller than 2tt. Under 
this last condition, one can then plot the NMR signal 
given by the ir/2— t— tt/2(/3) sequence as a function of 
/3, the relative phase of the two tt/2 pulse fields and 
compare the results to that given by equation ([3]). If 
the experimental data match equation |(3]), then the 
nuclear spin interference term is revealed and also 
controlled. 

The NMR signal (FID) after a single tt/2 pulse is 
mainly dependent on the homogeneity of the mag- 
netic field Bq. On Fig Q] one can see the FID recorded 
after a single tt/2 pulse in a highly homogeneous field 
(ABq/Bq = 2.0 • 10~ 8 , continuous line) compared to 
a less homogeneous one (ABq/Bo — 2.1 ■ 10 -7 dashed 
line). With a tt/2— t— tt/2 sequence, it is well known 
that NMR gives rise to an echo at time t = r after 
the second tt/2 pulse, described in 1950 by E. Hahn 
as spin echo [12]. But, here we have measured the 
NMR signal in a very homogeneous magnetic field 
and with small inter pulse delays where no spin echo 
is detected as seen on Fig. [2] (continuous line). Even 
in the less homogeneous magnetic field there is a mod- 
ulation of the FID but no echo at 1 ms which is the 
delay between the two tt/2 pulses. The absence of 
echo in this case is equivalent to the absence of any 
echo for an homogeneous line in an Electron Spin Res- 
onance (ESR) experiment. The FID corresponds to 
the magnetization in the transverse plane and there- 
fore the signal is proportional to Jm% + My. Fig. [3] 
shows the amplitude of the NMR signal at the begin- 
ning of the FID versus the relative phase (3. As seen 
in Fig. [U in the case of a highly homogeneous mag- 
netic field (ABq/Bq = 2.0 • 10~ 8 ), /(/?) = G|sin/3| 
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Figure 2: NMR signal (FID) of 10 ml of water after 
two 7r/2 pulses with a relative phase of = 90°. 
Continuous line is obtained in a high homogeneous 
magnetic field (AB /B = 2.0 • 10~ 8 ) and dashed 
line in less homogeneous field (AB /B a — 2.7 • 10~ 7 ). 




Figure 3: Amplitude of the NMR signal of 10 ml of 
water after two ir/2 pulses versus the relative phase /? 
of the two pulses. Continuous line (■ NMRi) is ob- 
tained in a high a homogeneous magnetic field, large 
dashed (▲ NMR2) line in a less homogeneous field. 
Fine dashed lines correspond to / (/3) — G |sin/3| nor- 
malized to the maximum NMR signal in each case. 



(given by equation J3]) for a well defined value of ujqt) 
fits the experimental data pretty well. The maximum 
relative deviation As {(3) = ^"^MRifflf between 
the experimental curve NMRi (/3) and f{(3) is found 
to be As(15°) = 9.7%. In the case of a less homoge- 
neous field (AB /B = 2.7 • 10~ 7 ), the fit is less good 
and the maximum relative deviation is found to be 
As(18°) = 28.3%. 

5 Conclusion 

We have shown here, that if the homogeneity of the 
static and RF magnetic fields are controlled at an 
enough high accuracy, we can control the nuclear spin 
interference term out the macroscopic sample of wa- 
ter molecules up to a maximum relative deviation 
of 9.7%. This number may certainly be decreased 
by giving additional care to the experimental set up. 
However, these results are a first step to manipula- 
tion of nuclear spin coherence of water molecules or 
any appropriate liquid molecules with negligible in- 
teractions with their environment. 
The main application of this macroscopic quantum 
behavior is to use magnetic gradients to define several 
qubits by their frequencies in a specific magnetic en- 
vironment rather than qubits defined by the chemical 
environment in a molecule. Such an approach could 
lead into a more scalable [13] NMR computer than 
the use of chemical molecules. If the reported exper- 
iments involve only one qubit, by using a magnetic 
gradient along the direction of the tube contenting 
the water sample, it could be defined a linear arrange- 
ment of several qubits. The same setup could be used 
to create and manipulate up to thirty qubits arranged 
along a line, thus realizing one-dimensional (and thus 
rather sophisticated but not universal [33]) quantum 
cellular automata on 30 qubits. We see no diffi- 
culties in extending our approach to two- and, pos- 
sibly, three-dimensional settings implementing uni- 
versal quantum cellular automata computers on at 
least as many qubits. Theses results on manipula- 
tion of nuclear spin coherence of water represent the 
first step in a radically new, scalable and easily re- 
producible approach to the field of quantum infor- 
mation processing based on liquid state NMR tech- 
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niques, defying in particular the recent skepticism of 
J. A. Jones [15] on the viability of such techniques 
lately partially reversed by himself [16] with the use 
of parahydrogen-derived compounds. 
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